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ABSTRACT Recent studies have shown that chemically syn- 
thesioed small peptides can induce antibodies that often react with 
intact proteins regardless of their position in the folded molecule. 
These findings are difficult to explain in view of the experimental 
and theoretical data which suggest that in the absence of forces 
provided by Ae folded protein, smaE peptides in aqueous solution 
do not readily adopt stable structures. In order to rationalize the 
two findings, there has been general acceptance of a stochastic 
model which suggests that the multiple conformers of a peptide 
in sohition induce sets of antibodies with a small percentage re- 
active with conformations shared hy the folded protein. This sto- 
diastic model has become less tenable as the success rate for the 
generation of protein-reactive anti-peptide antibodies has grown. 
To test die stodiastic model, we have used monoclonal anti-pep- 
tide antibodies as a way of estimating die frequency with ^^lich 
smaD peptides induce anbl>odies that react with folded proteins. 
We have made monodonal antibodies to six chemically synthe- 
sbed peptides from three proteins. The frequency with which the 
peptides induce protein-reactive antibodies is at least 4 orders of 
magnitude greater dian expected from previous experimental work 
and vastiy different from what would be predicted by calculating 
the possible number of peptide conformers in soluticm. These 
findings make the stodiastic model less likely and lead to consid- 
eration of other models. Aside from their practical significance 
for generation of higUy specific reagents, these findings may have 
important implications for the protein folding problem. 

Recent studies have shown that antibodies to short peptides 
often Cross-react with intact proteins irrespective rf where the 
peptide is located on the surface of the intact structure (re- 
viewed in refe, 1 and 2). Hie initial assumption was that these 
peptides adopted many conformations in solution, occasionally 
assuming one that approximated its cognate structure in the na- 
tive molecule (3). Thus, an anti-peptide antiserum could be 
thought of as a collection of antibodies to different confor- 
mations, with some percentage reactive with conformations 
shared by the folded protein. However, the problem with this 
assumption is that in the absence of forces engendered by 
neighboring structures, peptides are thou^t to have a vast 
number of conformations, and one would predict a relatively 
low success rate of generating antibodies reactive with intact 
proteins when a large number of different peptides are tried. 
This prediction turns out not to be tnie because a large number 
of different protein-reactive anti-peptide antibodies have been 
generated in the last 2 yr (1-3). There are alternative expla- 
nations that could explain the high rate of success with which 
short peptides induce protein-reactive antibodies. The ^vored 
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conformation of a peptide in solution might approximate the 
one it takes in the folded protein, or antibodies could induce 
or stabilize conformations in otherwise flexible peptides or pro- 
teins. Before one focuses on these alternatives, it is important 
to measure what percentage of time a peptide in solution elicits 
antibodies reactive with the intact protein. This cannot be mea- 
sured by studying a polyclonal immune response because the 
diversity of the immune response may allow low-frequency 
events to be scored the same as higher-frequency events. To 
overcome this problem, we have studied monoclonal anti-pep- 
tide antibodies. Monodonal antibodies to six short peptides from 
three proteins were, prepared. Between 25% and 100% of the 
antibodies bound to the intact protein, even tbou^ they ini- 
tially were selected only for their ability to bind to free pep- 
tides. Tbese results allow consideration of modek of immune 
recognition in which conformational freedom of peptides is 
constrained or local structure in the intact protein is relaxed. 

MATERIALS AND METHODS 
Vuiises and CeD lines. X47, A/Aidii. A/Swine, and B/Hong 
Kong viruses were grown in chicken eggs and purified from 
allantoic fluid. The Snyder-Tbeilen strain of feUne sarcoma vi- 
rus (ST-FeSV) was grown in MSTF cells, a productively trans- 
formed mink cell line infected with the ST strain of FeSV and 
FeLV-B (4). Histooompatibihty antigens HLA-DRl and -2 were 
from the homozygous lymphoid B-cell Unes LC-2 and GM3107, 
respectively (5). 

Synthesis of Peptides. Peptides were synthesized by using 
solid-phase methods (6). The composition of each peptide was 
confirmed by amino acid analysis. Peptides were syntfiesized 
according to the amino add sequence or were predicted from 
the nudeotide sequence: X47 hemagglutinin 1 (HAl) (7). Sny- 
der-Theilen FeSV v-/es (8), HLA-DRl o-chain and HLA-DRl 
p chain {5), and HLA-DR2 /3 chain (9). 

Coupling of Syntfietic Peptides to Carrier Protein. Syn- 
dietic peptides were coupled to the carrier protein keyhole hm- 
pet hemocyanin (KLH) through the cysteine of the peptide, 
with m-maleimidobenzoyl-N-hydroxysuccinimide ester as the 
coupUng reagent as described (10). In tfie case of the X47 pep- 
tide, the presence of two cysteines allowed a hi^er variabihty 
of coupUng, including peptides joined to the carrier by both 
cysteines. 

Immunization and Fusion. Peptides of HAl and v-fes cou- 
pled to KLH were used to immunize 129 GIX* mice as de- 
scribed (11). Spleen cells were fused with SP2/0 myeloma cells 
with polyethylene glycol 1500 (Baker); resuspended in 400 ml 
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of Dulbecco's high-glucose minimal essential medium contain- 
ing 10% fetal calf serum, 100 hypoxanthine, 1.0 /iM meth- 
otrexate, and 16 ;tM thymidine; plated into 30 microtiter plates; 
and grown as described (11). Peptides of HLA-DR a and /5 (iiains 
coupled to KLH were used to immunize B ALB/c mice and were 
fused to P3/X63.Ag8 myeloma cells. Hiese fused cells were 
treated as described above. 

Antibody Binding Assay. Hybridomas producing anti-pep- 
tide antibodies were detected with an enzyme-hnked immu- 
nosorbant assay (EUSA) method as described (12). Briefly, ap- 
proximately 50 pmol of peptide was dried onto microtiter plates, 
fixed by methanol, and incubated with tissue culture super- 
natant. After the hybridoma antibody was thoroughly washed, 
binding was detected by using rabbit anti-mouse k chain (Lit- 
ton), followed by a glucose oxidase-conjugated goat anti-rabbit 
antiserum. Binding was visualized with ABTS dye (Boehringer 
Mannheim) in the presence of glucose and horseradish per- 
oxidase (12). Isotype was determined by substituting various 
rabbit anti-mouse A or heavy chain sera for the anti-mouse k 
chain as described above. 

Immunoprecipitation of HAL X47 virus, pelleted from al- 
lantoic fluid, was radioiodinated as described (13) and sub- 
jected to immunoprecipitation (14). 

Electrophoretic Transfer and Immunological Detection of 
Proteins in Nitrocellulose. Allantoic fluid, glycoprotein prep- 
arations, or cell extracts were subjected to polyacrylamide elec- 
trophoresis. The protein was transferred to nitrocellulose 
(SAleicher & Schuell), and peroxidase-labeled rabbit anti-mouse 
IgG (Tago) diluted 1:1,000 was incubated with the transfers for 
1 hr at 25*0 followed by washes as described (14). The. bound 
antibody was visualized by incubation in 10 mM Tris, pH 7.4/ 
0.009% H2O2/0.0025% 3,3'-dimethoxybenzidine dihydrochlo- 
ride (Kodak). 

RESULTS 

A High Percentage of Monoclonal Antibodies That Bind to 
Peptides Recognize the Intact Molecide. Monoclonal antibod- 
ies with predetermined sequence specificity were generated by 
hyperimmunizing mice with synthetic peptides coupled to KLH. 
A synthetic peptide of 36 amino acids representing residues 
76-111 of X47 HAl (10) was chosen to estimate the frequency 
with which a free peptide shares conformation with its cognate 
structure in the intact protein. The 36-mer chosen for this study 
had been shown previously to produce in rabbits high titen of 
antibody that would react with Ae intact HA molecule (10). After 
the third injection, hybridomas were generated, and the tissue 
culture supernatant from the various lines was tested for an- 
tibody that would bind to the free peptide, which had been dried 
and fixed onto the bottom of microtiter test plates. A single 
fusion experiment with one spleen produced 21 cell lines that 
secreted stable antibody reactive with the synthetic 36-mer 
peptide. These lines are listed in Table 1 in order of the relative 
strength of the antibody binding to the peptide. Also listed is 
the relative binding to the X47 virus, which had been dried to 
microtiter plates. Of the 21 cell lines that synthesized antibody 
that readily bound to the synthetic peptide, 16 produced an- 
tibody that bound significantly to the virus. 

Recognition of a Determinant Is Not Dependent on the Mode 
of Antigen Presentation. To verify that the binding activity for 
the virus dried onto plates was specific for the HA molecule, 
virus was labeled wiSi and subjected to immunoprecipi- 
tation with tissue culture supernatant from the various hybri- 
doma cell hnes. Fig. 1 shows the immunoprecipitation patterns 
of all 21 cell lines. The complex precipitated from the mixture 
contains the HAl chain of the HA molecule, and the efficiency 
of precipitation agrees well with the plate binding data. The 
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Table 1. Cell lines producing X47 peptide-reactiTe antibodies 







Peptide 


Virus 


Ratio, 






binding, 


binding, 


virus/ 


Hybridoma 


botype 


OD414 


OD414 


peptide 


H23D02 


2b 


690 


480 


0.70 


H26D08 


2b 


684 


361 


0.53 


H26A09 


2a 


672 


414 


0.62 


H16E07 


1 


670 


439 


0.66 


H24E07 


2a 


DOT 


358 


0.54 


H22F05 


2a 


662 


53 


0.08 


H19B10 


2b 


621 


375 


0.60 


H20C01 


2a 


616 


340 


0^ 


H19D03 


2a 


597 


561 


0.94 


H21C08 


2b 


578 


440 


0.76 


H26F02 


1 


561 


201 


0.36 


H17D12 


1 


544 


112 


0.21 


H23F10 


2a 


450 


267 


0.59 


H20FD4 


2a 


428 


357 


0.83 


H17D09 


2a 


415 


6 


0.01 


H26D02 


2a 


413 


143 


0.35 


H22F02 


2a 


405 


374 


0.92 


HlTBll 


1 


394 


165 


0.42 


H23B05 


1 


368 


254 


0.69 


H1GC08 


1 


333 


-9 


-0.03 


H20EO3 


1 


322 


34 


0.11 



Cell lines were named as described (11) and their isotype was deter- 
mined. All isotypes were k for ligbt chain and IgG for heavy chain. 
Binding to peptide was proportional to the optical density measured at 
414 nm. Values listed are 1,000 times the average of two testa. Peptide 
was tested at 50 and 100 pmol per well, whereas virus was tested at 1 :5 
and 1 : 10 dilution of allantoic fluid. An average background (media con- 
trol) of 57 was subtracted from virus readings. 

five cell lines that did not react well with the virus dried onto 
microtiter plates also did not immunoprecipitate significantly 
the HA molecule (lanes F. L, O. T, and U). Four of tihe hy- 
bridomas that reacted weakly with the virus dried onto plates 
also poorly immunoprecipitated the HA molecule (lanes K, M, 
P, and R). The remaining 12 hybridomas readily precipitated 
the HA molecule, indicating that the antibodies could recog- 
nize the intact HAl (in a solution of phosphate-buffered saline) 
as well as HA dried and methanol-fixed onto microtiter plates. 
In addition, the antibodies were tested for their ability to rec- 
ognize HAl bound to nitrocellulose sheets after electrophoretic 
transfer from a polyacrylamide gel. Again, there was an excel- 




FiG. 1. Immunoprecipitation of X47 HAl. X47 virus was isolated 
from allantoic fluid by ultracentrifugation at 100,000 x g. The virus 
pellet was labeled with "*1. The labeled virus was incubated with 25 
uX of tissue culture supernatant from the following cell lines: H23D02 
Oane A). H26D08 Gane B), H26A09 (lane C), H16E07 Oane D). H24E07 
GaneE), H22F05 Gane F). H19B10 GaneG).H20C01 GaneH). H19D03 
Gane D, H21C08 Gane J). H26F02 Gane K), H17D12 Gane L), H23F10 
Gane M), H20F04 Gane N), H17D09 Oane O), H26D02 Gane F), H22F02 
Gane Q), H17B11 Gane R), H23B05 Gane S), H16C08 (lane T), and 
H20EO3 Gane U). Prwipitates were collected with fixed Sta^hyloccocus 
aureus and subjected to electpophoresis on a 5-17% NaDodS04/poly- 
aciylamide gel prior to autoradiography. The figure is a composite of 
three gels ai5l, thus, dififerences in mobility of the ISftster migrating bands 
aie not significant and are the result of viral proteins that bind to each 
other during precipitation. These bands do not appear when proteins 
are separated prior to reacting with antibody (see Fig. 2). 
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lent correlation for the ability to bind to the intact molecule 
under various conditions of presentation. All 12 of the anti- 
bodies that recognized the intact molecule in solution or HA 
when methanol-fixed to microtiter plates also recognized HAl 
bound to nitrocellulose sheets (see Fig. 2 for representative ex- 
amples). In addition, the four hybridomas H26F02, H23F10, 
H26D02, and H17B11, which reacted weakly with the virus 
dried onto the microtiter plates and poorly with HA in solution, 
did react, however, with the HAl molecule when bound to ni- 
trocellulose (data not shown). 

Hybridomas Recognize DiH'erent Determinants. It was im- 
portant to rule out the possibility that we had isolated the prog- 
eny of only a few clones C'Jackpot"). To elucidate different 
binding specificities, the panel of monoclonal antibodies was 
aUowed to react vwth four strains of influenza virus. X47, the 
virus from which the sequence for the peptide was derived, is 
classified as an H3N2 strain as is A/Aichi, which differs from 
X47 in only two residues within the sequence of the peptide. 
Both changes are at the amino-terminal end of the peptide — 
i.e., residue 79 changes from glycine to valine and residue 84 
changes from lysine to threonine. The latter change creates a 
potential glycosylation site in A/Aichi, Hie other two viruses, 
A/Swine and B/Hong Kong, differ extensively from X47 
throughout the region of the peptide. Fig. 2 shows repre- 
sentative reactivities with HAl bound to nitroceUulose sheets. 
H24B07 reacted well vwth both X47 and A/Aichi but not with 
A/Swine and B/Hong Kong. All other hybridomas that were 
reactive vwth HAl on nitrocellulose sheets showed the same 
pattern except H19D03, which reacted very strongly with X47 
but revealed only a minor reactivity band with A/Aichi, indi- 
cating that H19D03 recognized a unique determinant. The hy- 
bridomas could be further subdivided because of their reac- 
tivity with a set of 15 nested peptides (unpublished data). In 
brief, die reactivity pattern with the nested fragments showed 
that the panel of monoclonal antibodies recognize at least seven 
determinants. 

High-Frequency Recognition of Intact Protein by Anti-Pep- 
tide Hybridomas Is a General Phenomenon. To insure that the 
results from the influenza system were not unique to the length 
or character of that peptide, monoclonal antibodies were pro- 
duced against five additional peptides from two different pro- 
teins. Representative reactivities are shown in Fig. 3. Lanes 1 
and 2 in Fig. 3 Left depict the detection of the 85,000 poly- 
protein of the ST-FeSV encoding the w-fes gene. Both of the 
monoclonal antibodies that recognized the 30-mer listed in Ta- 
ble 2 also reacted with a carboxyl-terminal 12-mer (data not 

A B C D E F G H I J K L 

"''-mmm--- -tee ■ 

Fig. 2. Immxinological detection of X47 and A/Aichi HAl on ni- 
trocellulose sheets. Allantoic fluid (50 /iD from eggs infected with X47 , 
B/Hong Kong, A/Swine, or A/Aichi virus was separated by electro- 
phoresis on a 5-17% NaDodS04/polyacrylamide gel prior to electro- 
phoretic transfer to nitrocelluloee: X47 (lanes A, and 1). B/Hong Kong 
(lanes B, F, and J). A/Swine (lanes C, G, and K), and A/Aichi (lanes D, 
H, and L). The nitrocellulose sheets were incubated with tissue culture 
supernatant from H24E07 (lanes A-D), H19D03 (lanes E-H), or (as a 
control) R2O6BO8, anti-Rauscher murine sarcoma virus gp70 hybri- 
doma (ref. U) (lanes I-L). 




Fig. 3. Immunological detection of ST-FeSV v-/cs, HLA-DRl a 
chain, HLA-DRl p chain, and HLA-DR2 ^ chain, ileft) Cell extracts 
of «10^ MSTF cells were electrophoreaed onto a 15-17% polyaoyl- 
amide gel, transferred to nitrocelluose, and allowed to react with tissue 
culture supernatant S10F03 (lane 1), S22D06 (lane 2). and H19B10 Gane 
3). {Right) Glycoprotein preparations (10 ^) purified from 10* GM3107 
Ganee 1 and 2) or LG-2 Ganes 3 and 4) cells were enriched by aCTmity 
chromatography on lens culinaus lectin (5), subjected to electrophoresis 
oB a 10% polyacrylamide gel, electrophoretically transferred to nitro- 
cellulose sheets, and allowed to react with tissue culture supernatant 
KS2/1 prepared against HLA-DR2 chain (residues 61-73) Gane 1), 
KS5/1 prepared against HLA-DR2 ^ chain (residues 60-73) Gane 2), 
KS3/1 prepared against HLA-DRl chain (residues 20-35) Gane 3). 
and KS4/1 prepared against HLA-DRl a chain (5, 9) Gane 4). 

shown) and the intact molecule. Fig. 3 Right shows the pattern 
of reactivity with HLA-DR antigens of hybridomas produced 
against synthetic peptides of both HLA-DR a and p chains. 
Tlie P chains of HLA-DR2 antigen were detected by monoclon- 
al antibodies prepared both against a 14-mer, representing res- 
idues 61-73 of the HLA-DR2 ^-chain sequence (lane 1). and 
a 15-mer, representing residues 60-73 of a HLA-DR p chain, 
whose sequence was determined along with that of the HLA- 
DR2 P chain Oane 2). The P chain of HLA-DRl antigen also 
could be detected with a monoclonal antibody against a 16-mer 
representing residues 20-35 of the HLA-DRl ^-chain se- 
quence (lane 3). In addition, a hybridoma prepared against res- 
idues 20-32 of the HLA-DRl a-chain sequence reacted spe- 
cifically with the a chain of HLA-DRl antigen flane 4). Table 
2 summarizes all of the monoclonal antibodies used in this study. 
In each case, monoclonal antibodies could be generated that 
recognized both the synthetic peptide and the intact molecule. 
The number of hybridomas recognizing the intact molecule 
compared to the number binding to the peptide was 16/21. 2/ 
2, 1/3, 3/6. 1/2, 1/4 for HAl, v-/e5, HLA-DRl a chain. HLA- 
DRl P chain, and two sequences for HLA-DR2 P chain, re- 
spectively. These ratios indicate that sharing of immunological 
determinants between synthetic peptides and the intact mol- 
ecule is a frequent event. 

DISCUSSION 

The surprising observation that a large number of synthetic 
peptide antigens elicit antibodies that recognize the peptide in 
the intact protein (1-3) raises important questions about the 
structural basis for the generation of an immune response (im- 
munogenicity) and for recognition by antibodies (antigenicity). 
The frequent ability of synthetic peptides to generate antibod- 
ies that recognize intact proteins could readily be reconciled if 
the synthetic peptide antigens could stably adopt the precise 
local structure of that sequence in the intact protein. Thus, one 
popular explanation for the success of synthetic peptide anti- 
gens in generating antibodies that recognize intact proteins in- 
volves a stochastic model in which the diversity of the immune 
response (and the nature of the screening procedures) allows 
the observation of an infrequent event — namely, the peptide 
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Table 2. Summaiy of monoclonal antibody reactivity with 
intart proteina 



Protein* 


PepUdet 


Reac- 
tivity* 


a47 nAl 




1C /01 

iD/iSl 










(remauee 7&-111) 




ST-FeSV 


SDVWSFGILLWETFSIXjASPYPNLS- 


2/2 










(residues 703-732) 




HU-DRl 


GEFMFDFDGDEmC) 


1/3 


achain 


(reaiduee 20-32) 




HLA-DRl 


GTERVBLLELFTYN(C) 


3/6 


chflir 


(residaefl 20-35) 




HLA-DR2 


WNSQEDILEQARA(C) 


1/2 


^chain 


(redduee 61-73) 




HLA-DR2 


YWNSQMDFLE£ARA(C) 


1/4 


^cbain 


(reaidaee 60-73) 





* Amino add sequence data predicted or determined previously: X47 
HAl (7), ST-FeSV y-fes (8). HLA DRl a and ^ chains (5), and HLA 
DR2^chain(9). 

1 Amino add abln^viations are: A, alanine; glydne; T, threonine; C, 
cysteine; P, proline; M, methionine; V, vaHne; I, isoleudne; L, leucine; 
Y, tyrosine; F, phenylalanine; W, tryptophan; D, aq>artic add; E, glu- 
tamic add; R, arginine; K, lysine; H, histidine; S, serine; N, aq>ara- 
gine; Q> ^utamine; and (C), cysteine added for coupling puiposes (not 
found or predicted by sequence). Numbers in parentheses r^iresent 
the amino add numbers of determined or predicted sequences. 

* Numb^ of hybridomas that react with the intact molecule electro- 
phoretically transfierred to nitrooelluloee sheets relative to the num- 
b^ <^ hybridomas that react with the peptide in an enzyme-linked 
immunoBorbant assay. 

adopting the native confonner. However, the idea that short 
peptides (10-30 residues) frequently form stable structures is 
inconsistent with both theoretical (15) and expenmental (16) 
studies, which suggest Aat allbou^ some short peptides (17- 
20} can adopt stable stractures, the majority do not do so in 
aqueous solution. Instead, the peptides are thought to exist as 
an ensemble of a large number of transient confbrmationa] states 
in dynamic equilibrium. To test the stochastic model, a method 
is needed that estimates the frequency with which anti-peplide 
antibodies recognize native proteins. Monoclonal antibodies 
provide a convenient means to obtain such a frequency esti- 
mate. Because each monodonal antibody is derived from a sin- 
^e cell that produces only one specificity, the ratio of the num- 
ber rf clones producing anti-peptide antibody that recognizes 
the intact protein molecule to the total number of clones pro- 
ducing antibody that binds the peptide itself provides a rea- 
sonable estimate of the true frequency, provided that the total 
number of isolates is sufTiciently large and that the immune re- 
sponse is not inherendy biased toward native conformation. 

In the present study, a large percentage of the anti-peptide 
antibody-produdng hybridomas secreted an antibody that rec- 
ognized the intact protein molecules in Western blots. In the 
case of the antibodies to peptides of the influenza HA, the 
reactivity of the antibody to the intact protein was confirmed 
in enzyme-linked immunosorbant assays and by immunopre- 
cipitation assay, suggesting that the recognition is independent 
of the mode of presentation of the intact protein. This is sig- 
nificant because the three assays involve different extents of 
denaturation of the intact protein. In all assay conditions, how- 
ever, the degree of chain folding is greater than the random 
folding predicted by current theories of peptide structure. 

These results suggest that sufficient structural information 
for high-frequency recognition of intact proteins is contained 
in peptides as small as 13 amino acid residues. Moreover, the 
frequencies observed are inconsistent with any stochastic model. 
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whidi suggests that a rare native-like conformer of the peptide 
is responsible for generating the antibodies that recognize the 
intact protein. 

Similar hi^-frequency recognition of native proteins by 
monoclonal antibodies raised against peptides also has been ob- 
served by others. RohiM^hneider and his colleagues have made 
monodonal antibodies to a 14-amino-add peptide representa- 
tive of positions 498-512 of the transforming protein of Prague 
C sarcoma virus. They found that 6 of 24 monoclonal antibodies 
reacted with the protein in transformed cells (L. R. Rohr- 
schneider and L. E. Gentry, personal communication). Am- 
heiter et aL prepared monoclonal antibodies to a 56-amino-acid 
fragment of interferon (21). The binding of the monoclonal an- 
tibodies to 56-, 9&-, and 33-residue fragments and to the com- 
plete al and c£ interferons was studied. Of 11 monodonal an- 
tibodies, 1 boimd to all fragments and to both interferons, 7 
bound to all fragments but not to the intact interferons, and 3 
bound only to the 56-amino-acid fragment. In this latter study, 
the results may not directly address the issues under study here 
because the 56-amino-add fragment represents about one-third 
of the interferon molecule and, thus, may be sufficiently large 
to be stably folded. 

Several possible models may be proposed that are consistent 
with the observed hi^ frequencies wil^ which anti-peptide 
antibodies react with intact proteins. These models may be di- 
vided into two groups: those diat bias die frequency of occur- 
rence or recognition of native-like conformers and those that 
relax the constramt that the peptide must adq[>t a defined struc- 
ture. Hie proposed models are not mutually exdusive. 

Tbere are several mechanisms by whidi the occurrence or 
the recognition of the native conformer may be biased, (t) Tlie 
immime system may recognize preferentially the native con- 
formation of the peptide. Althou^ this seems to be hi^y un- 
likely at fust consideration, the proteins invest^ted in this study 
(and indeed most if not all protein antigens) coevolved with the 
immune system, and preexposure to these or to related pro- 
teins is, in &ct, possible, particularly in the case of the viral 
antigens, (it) The receptors that trigger the immune response 
may "fix" one of the conformers of the peptide (analogous to 
the "induced-fit" model for substrate binding to enzymes). This 
is similar to the proposal by Kabat, who suggested that, for anti- 
polysaocharide antibodies, the antibody-binding mi^t exert a 
selective efiiect on a relatively more flexible hexasaccharide an- 
tigen, which could adjust itself to die structure that best fit the 
combining site (22). Again the observed frequencies would re- 
quire a predisposition of the immunoglobulin receptors toward 
native-like conformations. This problem dififen from the pos- 
sibility of induced fit in systems with a limited number of re- 
ceptors (i.e., peptide hormones) because the immune system 
is a system of diiversity, and unless other foctors pertain (see 
above), "fixing" the correct conformation would seem to have 
no better probability than fixing the incorrect conformation, 
(tii) Factors involved in the presentation of the peptide antigens 
may restrict the range of conformations available to the pep- 
tides, making the native conformer for more common than pre- 
dicted for the free peptide in aqueous solution. For example, 
the membranes of presenting cells may provide an environ- 
ment that limits peptide conformation. The peptides in the 
present study were coupled to the carrier protein KLH, and 
interaction of the peptide with the surfoce of the carrier could 
be expected to greatly restrict the conformations accessible to 
the peptide, (it?) Peptides could have a more stable native-like 
structure that has been suggested from previous theoretical and 
experimental studies with model peptides. For example, pep- 
tides may contain particularly stable local structures like those 
shown by others (17-20). Stable local structures could serve as 
initiation sites in the folding of nascent or denatured proteins. 
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If tnie, such a model would have important implications for the 
general problem of protein folding (23-36). 

Two related models, which relax the constraint that the pep- 
tide must adopt a defined local nabve-like conformation, may 
be proposed. Implicit in these models is the possibiHty that the 
free peptide and the peptide in the intact protein are subject 
to induced fit upon binding to the receptor or effector antibody 
molecule. These models deal only witfi local perturbations of 
protein structure because other studies show that anti-peptide 
antibodies can neutralize viruses (37) or inhibit enzyme activ- 
ities (refe, 4, 38, and 39; unpublished data), suggesting that such 
antibodies recognize properly folded molecules. 

The first model suggests that, for some percentage of the 
time, local disorder occurs on short segments of the protein, 
allowing reaction with anti-peptide antibodies. This is similar 
to the model suggested by Furie et aL (40), who used a fragment 
of Staphylococcal nuclease (residues 99-149) to study the rel- 
ative ability of anti-fragment antibodies to bind to the intact. 
protein. Although the antibodies were initially made to the 
fragment of residues 99-149, they were further fractionated so 
that only those that recognized the fragment of residues 99-126 
were used. They found that it took about a 3,000-fold molar 
excess of native nuclease to displace 50% of the bound frag- 
ment from the antibody. They interpreted this to mean that 
only 0.03% of the native nuclease molecules are sufficiently un- 
folded to be recognized by antibodies specific for the fragment, 
which they presumed to be randomly folded. This calculation 
is suspect, however, because it assumes that the fragment is 
randomly folded, and it depends heavily on the relative affinity 
of the antibodies for the fragments and for the unfolded pro- 
tein. This local disorder model suggests that peptides that ehcit 
antibodies recognizing intact proteins are located in areas of 
relatively great conformational mobility in the intact protein. 

In the second model, the condition that a peptide generate 
a self-recognizing antibody selects for peptides in which a large 
percentage of the conformers have a similar disposition of side 
chains and main-chain functional groups that are recognized by 
the immune system. Such would be the case for a peptide in 
which the limiting recognition site is in an extended confor- 
mation in a high percentage of the conformers. The high fre- 
quency of crossreaction with the intact protein then would re- 
flect the frequency with which the hmiting site is in a similar 
(not necessarily identical) conformation in the intact protein. 
Indeed, Peterfy et al have shown that for monoclonal anti- 
bodies there may be a range of affinities that can be reflected 
in the differential sensitivities of methods of assay (41). The 
frequency of crossreaction suggests also that the limiting site 
is comprised of relatively short stretches of contiguous amino 
acids. As in the previous model, the frequency of crossreaction 
is explained most easily if the recognition site is one of rela- 
tively high flexibility in the intact protein. 

Althou^ we currendy are unable to determine which of these 
models (or other models that may have escaped our attention) 
is correct, the availability of the frequency estimates has made 
the stochastic model less hkely and forces consideration of other 
models, which may be tested by further studies including spec- 
troscopic experiments (especially NMR) and crystallographic 
experiments. Finally, aside from theoretical considerations, the 
ability to generate easily monoclonal anti-peptide antibodies 
that react with intact proteins allows one to combine the purity 
of monoclonal reagents with the predetermined nature of anti- 
peptide antibodies to generate immunological tools of unprec- 
edented specificity. 
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